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(57) ABSTRACT

An antenna is fabricated using an M-type hexaferrite, such as
a tin (Sn) and zinc (Zn) substituted M-type strontium hexa-
ferrite (Sn/Zn-substituted SrM: SrFe,, ,.7Zn Sn O,,),
thereby enabling antenna miniaturization, broad bandwidth,
and high gain. In one embodiment, an antenna system has a
substrate and a chip antenna formed on the substrate. The
system also has a conductive radiator contacting the chip
antenna, and the chip antenna comprises an M-type strontium
hexaferrite for which Fe cations are substituted with tin (Sn)
and zinc (Zn) to achieve soft magnetic properties for the
antenna. Thus, the coercivity and permeability are lower and
higher, respectively, than those of pure SrM. Such fabricated
hexaferrite chip antennas have broadband characteristics and
show good radiation performance at various frequencies,
including in the GHz frequency range.
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Summary of magnetic properties for the synthesized SSZMs.
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M-TYPE HEXAFERRITE ANTENNAS FOR
USE IN WIRELESS COMMUNICATION
DEVICES

CROSS REFERENCE TO RELATED
APPLICATION

This is a national stage application of and claims priority to
International Application No. PCT/US11/60851, entitled
“M-Type Hexaferrite Antennas for Use in Wireless Commu-
nication Devices” and having an international filing date of
Nov. 15, 2011, which is incorporated herein by reference.
International Application No. PCT/US11/60851 claims pri-
ority to U.S. Provisional Patent Application No. 61/413,866,
entitled “Tin (Sn) and Zinc (Zn) Substituted M-Type Hexa-
ferrite for GHz Chip Antenna Applications” and filed on Nov.
15, 2010, which is incorporated herein by reference.

RELATED ART

High-performance, broadband antennas have become
important components in wireless communication systems.
Further, miniaturization of such antennas with small form
factors is increasingly important as the sizes of mobile com-
munication devices decrease. Accordingly, there is an
increased interest in magneto-dielectric antennas since mag-
neto-dielectric materials (ferrites) possess both high perme-
ability () and high permittivity (e, ). A wavelength inside the
magneto-dielectric material gets shorter according to A=
c/fV(u, €,). Antenna bandwidth (BW) increases with i, of the
relationship BW V(11 /e, ). Therefore, both permeability and
permittivity of a ferrite have significant contributions to
antenna performance.

In general, spinel ferrite has a higher permeability than
hexagonal ferrites but is limited to low-frequency range
antenna applications due to its large high-frequency magnetic
loss. This is due primarily to the fact that magnetic loss
suddenly increases near the ferromagnetic resonance (FMR)
frequency. For gigahertz (GHz) antenna applications, the
FMR frequency of a ferrite generally should be higher than
the resonant frequency (f,) of the antenna.

It is noted that high H, of ferrite leads to high FMR accord-
ing to FMR=(y/2m)H,, where H, is the magnetocrystalline
anisotropy field and v is the gyromagnetic ratio. Therefore,
hexagonal ferrite is a good candidate for GHz antenna sub-
strates because it possesses a high H,, thereby a high FMR
frequency. Soft Co,Z hexaferrite (Ba;Co,Fe,,0O,,) has been
developed for terrestrial digital media broadcasting (T-DMB:
174-216 MHz) antenna applications. However, the Co,Z has
disadvantages, such as high synthetic temperature of about
1200 Celsius (° C.) and complex phase transformation. On
the other hand, pure M-type hexaferrite (SrM: SrFe,O,5) has
a simple crystal structure that is thermodynamically stable.
Therefore, the M-type hexaferrite can be produced at a rela-
tively low temperature of around 900° C. However, SrM is
magnetically hard and shows low permeability due to its high
magnetocrystalline anisotropy. For at least this reason,
M-type hexaferrite (StM: SrFe,,O, ) is not typically used for
GHz antenna applications.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure can be better understood with reference to
the following drawings. The elements of the drawings are not
necessarily to scale relative to each other, emphasis instead
being placed upon clearly illustrating the principles of the
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2

disclosure. Furthermore, like reference numerals designate
corresponding parts throughout the several views.

FIG. 1 depicts a crystalline structure of M-type Sr-hexa-
ferrite (SrFe,,O,,) and spin directions for Fe>* sites.

FIG. 2 is a flowchart illustrating an exemplary process for
making tin (Sn) and zinc (Zn) substituted M-type strontium
hexaferrite (Sn/Zn-substituted SrM: SrFe,Zn, sSn, sO,)
powder.

FIG. 3 depicts X-ray diffraction spectra for synthesized tin
(Sn) and zinc (Zn) substituted M-type strontium hexaferrite
(St/Zn-substituted SrM: SrFe,Zn, (Sn, O, ,) particles.

FIG. 4 depicts magnetization and coercivity for synthe-
sized tin (Sn) and zinc (Zn) substituted M-type strontium
hexaferrite (Sn/Zn-substituted SrM: SrFe.Zn, ;Sn, ;O,,)
particles.

FIG. 5 depicts magnetic hysteresis loops for synthesized
tin (Sn) and zinc (Zn) substituted M-type strontium hexafer-
rite (Sn/Zn-substituted SrM: SrFe,Zn, ;Sn, ;O,,) particles
by various heat-treatment conditions.

FIG. 6 depicts calculated ferromagnetic resonance (FMR)
frequency against anisotropy field of synthesized tin (Sn) and
zinc (Zn) substituted M-type strontium hexaferrite (Sn/Zn-
substituted SrM: SrFe,, ,.7Zn Sn O,,).

FIG. 7A depicts measured permeability spectra for synthe-
sized tin (Sn) and zinc (Zn) substituted M-type strontium
hexaferrite (Sn/Zn-substituted StM: SrFe,Zn, sSn, sO,,).

FIG. 7B depicts measured permittivity spectra for synthe-
sized tin (Sn) and zinc (Zn) substituted M-type strontium
hexaferrite (Sn/Zn-substituted SrM: SrFe.Zn, sSn, sO,,).

FIG. 8 depicts a table summarizing magnetic properties for
synthesized tin (Sn) and zinc (Zn) substituted M-type stron-

tium hexaferrite (Sn/Zn-substituted SrM:
SrFe,Zn, sSn, sO,,).
FIG. 9 depicts an exemplary embodiment of a wireless

communication apparatus.

FIG. 10 depicts an exemplary embodiment of a chip
antenna system for a wireless communication apparatus, such
as is depicted in FI1G. 9.

FIG. 11A depicts atop view of the antenna system depicted
by FIG. 10 after a coaxial cable has been attached to compo-
nents of the antenna system.

FIG. 11B depicts an enlarged view of an end of the coaxial
cable depicted in FIG. 11A.

FIG. 11C depicts a cross-sectional view of the chip antenna
system of FIG. 10.

FIGS. 12A and 12B are flowcharts illustrating exemplary
processes for forming an antenna system having a synthe-
sized tin (Sn) and zinc (Zn) substituted M-type strontium
hexaferrite (Sn/Zn-substituted SrM: SrFe,Zn, sSn, sO,)
antenna.

FIG. 13 depicts measured voltage standing wave ratio
(VSWR) of a fabricated antenna depicted by FIG. 10.

FIG. 14 depicts measured average and peak gain of a fab-
ricated antenna depicted by FIG. 10.

FIG. 15 depicts an exemplary embodiment of a chip
antenna system for a wireless communication apparatus, such
as is depicted in FI1G. 9.

FIG. 16 depicts measured voltage standing wave ratio
(VSWR) of a fabricated antenna depicted by FIG. 15.

FIG. 17 depicts measured average and peak gain of a fab-
ricated antenna depicted by FIG. 15.

FIG. 18 depicts an exemplary embodiment of a chip
antenna system for a wireless communication apparatus, such
as is depicted in FI1G. 9.

FIG. 19 depicts measured voltage standing wave ratio
(VSWR) of a fabricated antenna depicted by FIG. 18.
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FIG. 20 depicts measured average and peak gain of a fab-
ricated antenna depicted by FIG. 18.

FIG. 21 depicts a table summarizing antenna dimensions
and measured performance of fabricated antennas depicted
by FIGS. 10, 15, and 18.

DETAILED DESCRIPTION

The present disclosure generally pertains to antenna mate-
rials that are particularly suited for high frequency (e.g., GHz)
applications. In one embodiment, an antenna is fabricated
using an M-type hexaferrite, such as a tin (Sn) and zinc (Zn)
substituted M-type strontium hexaferrite (Sn/Zn-substituted
SrM: SrFe,, ,.Zn Sn O,,), thereby enabling antenna minia-
turization, broad bandwidth, and high gain. In one exemplary
embodiment, the value of “x” in the compound SrFe,, , 7Zn -
Sn, 0, is between 2 and 5, but other values of “x” are possible
in other embodiments. Some of the Fe cations in M-type
strontium hexaferrite (StM: SrFe,,0,,) are substituted with
tin (Sn) and zinc (Zn) to achieve soft magnetic properties for
the antenna. Thus, the coercivity and permeability are lower
and higher, respectively, than those of pure SrM. Such fabri-
cated hexaferrite chip antennas have broadband characteris-
tics and show good radiation performance at various frequen-
cies, including in the GHz frequency range. In one
embodiment, a Sol-gel process is employed to synthesize
Sn/Zn-substituted SrM ferrite. The price of substitution ele-
ments of Sn and Zn is less expensive than cobalt (Co) in the
Z-type hexaferrite (Ba,Co,Fe,,0,,), and the use of Sn/Zn-
substituted SrM ferrite is more cost-effective than the Z-type
hexaferrite.

Referring to FIG. 1, iron cations (Fe**) occupy five differ-
ent crystallographic sites in pure strontium (barium) hexafer-
rite. There are 24 Fe>* magnetic cations in a unit cell of Sr (or
Ba)-hexaferrite. Among these, Fe** at the 2b site has the
highest magneto crystallineanisotropy, thereby leading to
hard magnetic property. Magnetic spin directions of Fe*
cations at 4f sites are downward opposing the directions of
other sites. The magnetization per unit cell is about 40 Bohr
magnetons (). In one embodiment, part of Fe** cations at 41
and 2b are substituted by non-magnetic Sn and Zn cations.
The substitutions cancel spin-down of Fe>* cations at 4f sites,
resulting in an increase in the saturation magnetization. The
substitution for 2b sites leads to low magnetocrystalline
anisotropy, therefore, becoming soft.

An exemplary synthetic Sol-gel process for fabricating
Sn/Zn-substituted SrM ferrite (SrFe,, ,.Zn Sn O,) will
now be described with particular reference to FIG. 2. How-
ever, it should be emphasized that other types of processes
may be used to fabricate such material.

As shown by block 11 of FIG. 2, stoichimetric amounts of
raw chemicals (SrCl, (H,O, FeCl; H,O, SnCl,xH,0, and
7ZnCl,) are dissolved in Ethylene glycol with about 12 hours
(h) of magnetic stirring. As shown by block 12, the dissolved
solution is refluxed at about 150° C. for about 2 hours in N,.
As shown by block 13, the refluxed solution is evaporated on
a hot plate at about 200° C. until complete evaporation. The
evaporated powder is then collected and grinded, as shown by
block 14. The powder is then heated at about 550° C. to
decompose the organic precursors in a fume hood, as shown
by block 15. The powder is then calcined at about 1450° C. in
a furnace, as shown by block 16. Using such process, synthe-
sized hexaferrite powder has been confirmed by X-ray dif-
fraction patterns, as shown in FIG. 3.

FIG. 4 shows magnetic properties of pure StM and Sn/Zn-
substituted StM (SSZM: SrFe-Sn, sZn, sO,,) heat-treated at
various temperatures. Coercivity (H,), otherwise magnetic
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hardness, decreases with substituting Sn and Zn for Fe in
M-type hexaferrite, while maintaining higher saturation mag-
netization (0,) than the pure SrM. This is because the down-
spin of the 4f site and magnetic anisotropy of the 2b site are
occupied by Sn and Zn cations. Accordingly, the coercivity
for SSZM dramatically decreases to about 34 Oe from about
1100 Oe of the pure SrM. It is noted that SSZN becomes soft.
Therefore, higher permeability than that of magnetically hard
pure SrM is expected, which is desired for high frequency
(e.g., GHz) antenna applications.

FIG. 5 shows magnetic hysteresis loops of SSZM powder
heat-treated at three different temperatures. The lowest coer-
civity of about 33.89 Oe is obtained for about 1500° C. (5
hour) sample, while the 1450° C. (5 hour) sample shows the
highest magnetization of about 68.72 emu/g. High permeabil-
ity can be achieved with high saturation magnetization and
low coercivity. Therefore, the 1450° C. (10 hour) sample is
chosen for antenna fabrication in one exemplary embodi-
ment, though other samples may chosen for other embodi-
ments. Magnetic properties of SSZN are summarized in FI1G.
8. The following numerical analysis of the magnetization (M)
curve was used to estimate the magnetic anisotropy field (H,,)
of SSZM powder.

2

M =M1 Ha H @
B S S A

2Ky [ergfem’]  [erg] _ [erg] @
= = = = =[O
He M, [emwem3]  [emu] [ig] (O]
Oe

where M, is the saturation magnetization, H, is the magnetic
anisotropy field, X, is the high field differential susceptibility,
H is the applied field reduced by the demagnetization field
and K, is the anisotropy constant. The H, of about 4.75 kOe
was obtained for the SSZM (heat-treated at about 1450° C. for
about 10 h) sample by fitting the hysteresis loop to Eq. (1).
This magnetic anisotropy field results in ferromagnetic reso-
nance (FMR) frequency of about 13.2 GHz according to Eq.

G-

Sresonance VHo+H,; )

£=(2.8 MHZ/Oe)x (H+H, ) 3)

where H,, is the applied bias field, H, is the anisotropy field,
and vy is the gyromagnetic ratio.

FIG. 6 shows the anisotropy dependence of the ferromag-
netic resonance frequency. The star mark in FIG. 6 represents
that the SSZM can be applicable up to about 13.2 GHz.

FIG. 7A and FIG. 7B represent complex permeability and
permittivity, respectively, of SSZM (1450° C. for 10 h)
sample. The real parts of permeability and permittivity of the
1300° C. sintered ferrite were 1.37 (loss tan 3,=13%) and
22.2 (loss tan 8.=10%) at 2.45 GHz, respectively. Magnetic
and dielectric loss tangents can be reduced with employing
sintering agent such as Bi,0;, etc.

FIG. 9 depicts an exemplary embodiment of a wireless
communication device 25, such as a cellular telephone, hav-
ing a transceiver 29 that is coupled to an antenna 33. In one
exemplary embodiment, the transceiver 29 is configured for
communication in the GHz frequency range, and desirably
for such GHz applications, the FMR frequency of ferrite
substrate of the antenna 33 is higher than the resonant fre-
quency of the antenna 33. However, other frequencies are
possible in other embodiments.
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FIG. 10 depicts an antenna system 52 having a chip antenna
33, such as is depicted by FIG. 9. The antenna system 52 has
a substrate 55, which is composed of copper clad laminate
(CCL) FR4, though other types of substrate materials may be
used in other embodiments. As shown by FIG. 10, formed on
aportion of the substrate 55 is a conductive layer 56, which is
coupled to ground (GND) of the device 25 in which the
antenna system 52 is used. The antenna 33 is also formed on
the substrate 55, as shown by FIG. 10. A radiator 59 (forming
a flat conductive trace) is formed on the ferrite substrate of
antenna 33 and a portion of the substrate 55. In one exemplary
embodiment, the conductive layer 56 and the radiator 59 are
both composed of copper, but other conductive materials may
be used in other embodiments. The radiator 59 is conduc-
tively coupled to the transceiver 29 (FIG. 10). Forexample, as
will be described in more detail hereafter, the radiator 59 may
be coupled to a coaxial cable (not shown in FIG. 10) that
extends to the transceiver 29.

In one exemplary embodiment, the antenna 33 is composed
of'tin (Sn) and zinc (Zn) substituted M-type strontium hexa-
ferrite (St/Zn-substituted StM: SrFe, , Zn Sn O,,), where
x has a value between 2 and 5, though other values of x may
be used in other embodiments. Further, the chip antenna 33
has a length of 9.5 millimeters (mm), a width of 4.5 mm, and
a thickness of 1.5 mm, although other dimensions are pos-
sible in other embodiments. With the dimensions shown, the
chip antenna 33 is suitable for use as a Bluetooth 1 (BT1)
antenna.

FIGS. 11A-C show the antenna system 52 of FIG. 10 after
a coaxial cable 63 has been coupled to the chip antenna 33 to
provide a conductive path between the antenna radiator 59
and another component, such as transceiver 29 (FIG. 9). As
shown by FIG. 11C, the coaxial cable 63 has an outer con-
ductor 66 that is coupled (e.g., soldered) to the conductive
layer 56. Within the outer conductor 66 is an insulator 68 that
surrounds an inner core 69 of conductive material. This inner
core 69 is soldered to the radiator 59 at a soldering junction
72. Various other configurations of the antenna system 52
with the antenna 33 are possible in other embodiments.

An exemplary process for fabricating the exemplary chip
antenna 33 and the system 52 shown by FIG. 10 will be
described below with reference to FIGS. 12A and 12B. Once
achip antenna is designed, atin (Sn) and zinc (Zn) substituted
M-type strontium hexaferrite antenna substrate is formed, as
shown by block 80 of FIG. 12A. An exemplary process of
performing block 80 is shown by FIG. 12B. In this regard, as
shown by block 81 of FIG. 12B, tin (Sn) and zinc (Zn)
substituted M-type strontium hexaferrite powder is formed
according to the process depicted by FIG. 2. Wet-shake mill-
ing is then performed on the powder for about 30 minutes, as
shown by block 82. The powder is then dried in an oven for
about one hour and collected, as shown by blocks 83 and 84.
Using such powder, a ferrite substrate of the antenna 33 is
formed by press at about 2750kgf/cm?, as shown by block 85,
and then is sintered at about 1300° C. for about 4 hours, as
shown by block 86. Once the ferrite substrate of the antenna
33 is formed, an FR4 system board (e.g., substrate 55) is
prepared by cutting and etching, as shown by block 90 of FI1G.
12A, and the radiator 59 formed via conventional microfab-
rication techniques, such as patterning and etching, as shown
by block 91. After the radiator 59 is formed, chip antenna 33
is connected to a coaxial cable 63, as shown by block 92. In
particular, the outer conductor 66 of the coaxial cable 63 is
soldered to the conductive layer 56, and the inner core 69 of
the coaxial cable 63 is soldered to the radiator 59.
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FIG. 13 presents measured voltage standing wave ratio
(VSWR) of the antenna system 52 with the chip antenna 33 of
FIG. 10, which is dimensioned for use as a BT1 antenna. The
measure antenna bandwidth was found to be about 780 MHz
(2.13~2.91 GHz) at VSWR=2:1. It is noted that the hexafer-
rite chip antenna shows broadband characteristics, which
ensures robust operation of a mobile without a matching
network. FIG. 14 presents measured antenna gain. The maxi-
mum 3D peak gain of about -0.52 dBi was obtained at about
2.36 GHz. At the Bluetooth center frequency 2.45 GHz, the
3D peak and average gains were about —1.12 dBi and —4.02
dBi, respectively. It is evident that the hexaferrite chip
antenna provides a high performance and uniform radiation
pattern over the wide frequency band.

FIG. 15 depicts another embodiment of an antenna system
52 that is configured similar to the one shown by FIG. 10
except that it is dimensioned for use as Bluetooth 2 (BT2)
antenna. Measured VSWR (voltage standing wave ratio) of
the BT2 antenna shown by FIG. 15 is presented in FIG. 16.
The antenna bandwidth was obtained to be about 840 MHz
(2.11~2.95 GHz) at VSWR=2:1. FIG. 17 shows measured
antenna gain for the BT2 antenna shown by FIG. 15. The
maximum 3D peak gain of about 2.36 dBi was obtained at
about 2.36 GHz. Atthe Bluetooth center frequency 2.45 GHz,
the 3D peak and average gains were about 0.71 dBi and -2.49
dBi, respectively.

FIG. 18 depicts another embodiment of an antenna system
52 that is configured similar to the one shown by FIG. 10
except that it is dimensioned for use as an ultra-wideband
(UWB) antenna. FIG. 19 represents measured VSWR (volt-
age standing wave ratio) of the UWB antenna shown by FIG.
18. The antenna bandwidth was found to be about 2240 MHz
(2.66~4.90 GHz) at VSWR=2:1. FIG. 20 shows antenna gain
for the antenna shown by FIG. 18 in the frequency range of
about 3 GHz to 6 GHz. The maximum 3D peak and average
gains were about 3.89 dBi at 3.2 GHz and -1.55 dBi at 3.6
GHz, respectively.

The dimensions and measured performance of the fabri-
cated hexaferrite chip antennas (BT1, BT2, and UWB) shown
by FIGS. 10, 15, and 18 are summarized in FIG. 21. Yet other
dimensions are possible in other embodiments.

Now, therefore, the following is claimed:

1. An antenna system for a wireless communication appa-

ratus, comprising:

a substrate;

a chip antenna formed on the substrate, the chip antenna
comprising a magnetically soft M-type hexaferrite,
wherein the M-type hexaferrite comprises tin (Sn) and
zine (Zn) substituted M-type strontium hexaferrite; and

a conductive radiator contacting the chip antenna.

2. An antenna system for a wireless communication appa-

ratus, comprising:

a substrate;

a chip antenna formed on the substrate, the chip antenna
comprising a magnetically soft M-type hexaferrite,
wherein the M-type hexaferrite comprises SrFe,, ,
7Zn,Sn O, where x is a value between 2 and 5; and

a conductive radiator contacting the chip antenna.

3. The system of claim 1, wherein the conductive radiator

is formed via microfabrication.

4. The system of claim 1, wherein a ferromagnetic reso-

nance frequency of a ferrite substrate of the chip antenna is
higher than a resonant frequency of the chip antenna.
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